[1] Gas fluxes from lakes and other stratified water bodies, computed using conservative values of the gas transfer coefficient k 600 , have been shown to be a significant component of the carbon cycle. We present a mechanistic analysis of the dominant physical processes modifying k 600 in a stratified lake and resulting new models of k 600 whose use will enable improved computation of carbon fluxes. Using eddy covariance results, we demonstrate that i) higher values of k 600 occur during low to moderate winds with surface cooling than with surface heating; ii) under overnight low wind conditions k 600 depends on buoyancy flux b rather than wind speed; iii) the meteorological conditions at the time of measurement and the inertia within the lake determine k 600 ; and iv) eddy covariance estimates of k 600 compare well with predictions of k 600 using a surface renewal model based on wind speed and b. Citation: MacIntyre, S., A.
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Introduction
[2] Lakes and reservoirs are sources of climatically-active gases to the atmosphere and are a significant component of the global carbon budget [Cole et al., 2007] . Consequently, it is of critical importance that carbon fluxes from lakes be accurately estimated. Computations of carbon fluxes from lakes most often rely on gas transfer coefficients (k 600 ) and in most cases use conservative values of k 600 or wind-based equations [Cole and Caraco, 1998 ]. The gas transfer coefficient k 600 , however, depends upon the turbulence at the air-water interface [Banerjee and MacIntyre, 2004; McGillis et al., 2004] which does not depend upon wind alone. For instance, the turbulence from heat loss that occurs when buoyancy fluxes (b) are negative often exceeds that from wind mixing in tropical lakes and is the dominant cause of mixing in many small lakes world-wide [MacIntyre et al., 2002; MacIntyre and Melack, 2009] .
Stratification, which acts to suppress turbulence, is associated with a positive b, and is not considered in wind-based models. The surface renewal model, which can be formulated as k 600 = c 1 ("n) 0.25 is an alternate approach to wind-based models as it explicitly takes into account the suite of processes which influence turbulence near the air-water interface [Soloviev and Schluessel, 1994; MacIntyre et al., 1995 MacIntyre et al., , 2001 Zappa et al., 2007; Turney and Banerjee, 2008] . In this model, " is the rate of dissipation of turbulent kinetic energy in the water near the interface and characterizes the turbulence, n is the kinematic viscosity, and c 1 is an empirically derived, depth dependent coefficient. Despite its potential to accurately quantify the physical processes causing gas flux, and despite the importance of lakes in carbon budgets [Cole et al., 2007] , the surface renewal model has rarely been applied to describe gas flux in lakes [Crill et al., 1988; Vachon et al., 2010] .
[3] Estimating gas flux with the eddy covariance technique (EC) (reviewed by Wanninkhof et al. [2009] ), for which averages are obtained over 30 minute intervals, allows computation of k 600 on the time scale of changes in meteorological forcing, thermal structure of the surface layer of lakes and oceans, and turbulence at the air-water interface. The gas transfer coefficient k is computed as k = F c / (C w − aC a ) where F c is flux in moles per unit area per unit time, C w and C a are the concentrations of gas across the air-water interface, and a is the Ostwald solubility coefficient; k is normalized to correspond to CO 2 at 20°C and denoted as k 600 . The relative role of different physical processes in producing or damping turbulence can be assessed by comparing k 600 derived from eddy covariance measurements (k 600EC ) with k 600 computed from estimates of " under different meteorological conditions. Models of k 600 that take into account this variability can be developed as needed for improved estimates of gas flux.
[4] The time series measurements of meteorology, water temperature, and k 600EC from EC measurements [Jonsson et al., 2008; Aberg et al., 2010] are reanalyzed here in the context of turbulence production at the air-water interface to develop models of k 600 . We compute " using the empirical model of Lombardo and Gregg [1989] , k 600 using the surface renewal model, and compare the modeled estimates with those obtained from eddy covariance to evaluate the processes determining k 600 and the applicability of the surface renewal model. We develop regressions for k 600 as a function of wind speed for b > 0 and b < 0.
Methods
[5] Measurements from Lake Meräsjarvi, Sweden (67°33′ 00″N, 21°58′30″E; surface area 3.8 km 2 ) from 2 July to 3 are used in this reanalysis ( Figure 1 ). Following Imberger [1985] and MacIntyre et al. [2002, 2009] , we compute the depth of the actively mixing layer (z AML ); effective heat flux; buoyancy flux b; water side Monin-Obukhov length scale divided by mixed layer depth (L w /z AML ); and buoyancy frequency (N). Temperature was measured with thermocouples (accuracy of 0.2°C) at 0.5 m intervals in the upper three meters and thermistors (accuracy of 0.5°C) at ∼1 m intervals from the surface to the bottom. In defining z AML , the requisite step change in temperature from the surface temperature is set equivalent to the accuracy of the loggers. Values of net short wave radiation, visible radiation (∼400 nm to 700 nm), net long wave radiation, and the diffuse attenuation coefficient (k d = 0.22 m −1 ) are necessary to calculate effective heat flux and b. To estimate net short wave radiation from the net radiation measurements by Jonsson et al. [2008] , we approximate net long wave radiation as −50 W m −2 based on typical values for arctic lakes and add it to net radiation. Downwelling visible radiation is then estimated as 43% of net short wave radiation. The measured wind speeds (measurements initially at 2.6 m but primarily at 1.6 m) were corrected to 10 m height following Jonsson et al. [2008] . Following the logic of Jonsson et al. [2008] we use all values of k 600 < 40 cm hr −1 in this analysis. The atmosphere was neutral or slightly unstable for much of the study period, Monin-Obukhov length scale L < = 0 (data not shown). We rejected values of k 600 when L > 0 as we suspected a footprint problem at those times.
[6] Dissipation rates, " were computed from b and the water friction velocity u *w following Lombardo and Gregg [1989] . " = 0.84(0.58b + 1.76u *w 3 /kz) where the coefficients were determined empirically; k is the von Karman constant and z is depth. u *w is computed from shear stress at the airwater interface assuming it is equal on either side of the interface, giving t w = r w u *w 2 = t a = r a u *a 2 where t a and t w are shear stress on air and water side of the air-water interface; u *a is the air friction velocity computed from measured wind speeds following MacIntyre et al. [2002] ; and r a and r w are density of air and water respectively. Following Imberger [1985] we let z = z AML . Computation of " with b instead of w * , the velocity scale for convection, as by Imberger [1985] , allows a portion of the turbulence to be damped when heating occurs. The gas transfer coefficient from these dissipation estimates using the surface renewal model was computed as k 600SR = c 1 (" n) 1/4 with c 1 = 1.2.
Results
3.1. Meteorology, k 600 , and Lake Thermal Structure
[7] The magnitude of the gas transfer coefficients varied over diel cycles as winds varied and as the lake heated and cooled (Figure 1 ). Initially winds were weak, air temperatures in the day exceeded lake temperatures, and a shallow diurnal thermocline (maximum buoyancy frequency N max = 15 cycles per hour, cph), overlay the seasonal thermocline with N max < 10 cph (Figure 1 , 2-9 July). As the water column heated, z AML became shallow (Figures 1b and 1e) , and k 600EC had near zero values when winds were less than 2 m s −1 . Values at night, when z AML increased with cooling and light winds, often exceeded 10 cm hr −1 . Air temperatures declined and wind speeds increased beginning on 10 July, and the diurnal thermocline deepened and merged with the seasonal thermocline (Figure 1e ). The magnitude of k 600EC increased and decreased as winds similarly increased and decreased (Figures 1a and 1d) . k 600EC reached 20-25 cm hr (Figures 2a and  2b ). Similar patterns of change in k 600SR and in k 600EC provide evidence for the overall applicability of the surface renewal model (Figure 2b ). In the following, we compare k 600EC and k 600SR for b < 0 and b > 0 to develop a mechanistic understanding of the processes affecting k 600 .
Dependence of k 600 on b
[8] Wind speeds prior to and during cooling influenced the magnitude of k 600EC (Figures 1d and 2b) . During nocturnal cooling with the higher winds of 10 and 11 July, both k 600SR and k 600EC were elevated. L w /z AML < = −1 at those times, indicating wind stress dominated turbulence production in the actively mixing layer. However, during a lull when L w / z AML → 0, such that buoyancy dominated turbulence production in near surface waters, k 600EC stayed high and was higher than predicted based on ". Surface currents or surface waves likely persisted and maintained the turbulence and resulting high values of k 600EC . On 13 July, L w / z AML < = −1 during afternoon winds and k 600EC ranged from 15-25 cm hr −1 . As the wind decreased such that L w / z AML → 0, k 600EC was initially 15 cm hr −1 but dropped to values below 5 cm hr −1 by early morning 14 July. Again, it appeared that as the wind decreased, the turbulence was initially sustained by residual currents or waves but as low winds persisted, the turbulence and k 600EC decreased such that k 600EC was similar to or slightly lower than k 600SR computed from " b , k 600SR_b . Values of k 600EC were of order 5 cm hr −1 during nocturnal cooling on 14-15 July when measured winds were light, and k 600EC was well approximated by k 600SR_b . These data indicate that the meteorological conditions at the time of measurement and the inertia within the lake determine the magnitude of turbulence and k 600 when b < 0. When turbulence is induced by wind acting on the air-water interface (L w /z < = ∼−1) or by preexisting currents, values of k 600 are elevated. Values of k 600 are lower when winds are light or remain light for some time. The close match between k 600EC and k 600SR_b early morning 13 and 14 July and late on 14 July and early morning 15 July suggests that k 600 can be computed from b at such times.
[9] The response of k 600EC to changes in wind speed when the upper water column is heating, b > 0 and L w /z AML > 0, is variable. If winds were modest (4-7 m s −1 ) at night and in the morning, k 600EC was in the range 10 to 15 cm hr −1 (Figure 2b ; 11 July). When U 10 < 4 m s −1 (Figure 2b ; 11 and 15 July), and z AML shallowed, k 600EC was less than predicted by k 600SR and often decreased below 5 cm hr −1 . The diminution, in contrast to observations when b < 0, indicates the wind induced turbulence was being damped by the heating and stratification. To quantify these effects, we follow Brainerd and Gregg [1993] and introduce a damping coefficient c 2 /z AML and compute dissipation as " = 0.84(0.58b + (c 2 /z AML )(1.76u *w 3 /kz)) when L w /z AML > = 0 and measured winds < 3 m s −1 . c 2 likely depends on the degree of stratification; the improvement in the match of k 600SR and k 600EC with c 2 = 0.08 on the afternoons of 11 and 15 July is illustrated in Figure 2b. 
Regression Analyses
[10] The observations in 3.1 and 3.2 and the regressions in Figure 3 indicate that turbulence in the surface layer and k 600 depend on wind speed and the heating or cooling of the upper water column. k 600EC was independent of b when the lake was heating (b > 0, R 2 = 0.47, p = 0.2), and negatively and significantly correlated to b when the lake was cooling whereas for b > 0, only 17% of the measurements were that high. Further, for U 10 < 1.5 m s −1 and b > 0, average k 600EC was slightly negative indicating minimal or no flux. Based on this evidence, we infer that the greater intercept for b < 0 is meaningful. Values of k 600EC were higher than predicted using the regressions of Cole and Caraco [1998] (Figure 3) . Our results are similar to those reported by McGillis et al. [2004] , Zappa et al. [2007] , and Vachon et al. [2010] .
Discussion
[11] Quantifying the gas transfer coefficient in terms of the processes which induce turbulence at the air-water interface is an essential step for accurately estimating gas fluxes as needed in studies of lake metabolism and for regional and global carbon budgets. Here, for the first time in a stratified lake, we show how k 600 varies with wind forcing and buoyancy flux. Our approach involved modeling turbulence from surface meteorology to obtain estimates of the gas transfer coefficient which were then compared with estimates obtained from eddy covariance measurements. The overall successful match between k 600EC and k 600SR indicates that the turbulence at the air-water interface determines the gas transfer coefficient and that it can be computed using the surface renewal model. Our work confirms Zappa et al. [2007] who suggested that the surface renewal model is a general model which would apply in numerous aquatic ecosystems, but we extend the model by showing how conditions within the surface layer modify the turbulence and resulting k 600 during light to moderate winds. Our regression analysis demonstrates that k 600 is higher when lakes are cooling as opposed to heating.
[12] The analysis of the surface renewal model, as presented here, provides a framework for quantifying k 600 as meteorological forcing of lakes varies by latitude, size, and degree of sheltering. Finding that k 600 depends on b alone during cooling with light winds is particularly important for modeling fluxes from small lakes which are numerically dominant in the landscape but which tend to have low winds at night. The damping of turbulence during light to moderate winds with heating may vary with lake size and optical properties as larger lakes may sustain higher currents and larger waves and clearer lakes will heat and stratify less rapidly than more turbid ones. Systematic effort is required to quantify the time scales for set up and decay of currents and waves and for the damping of turbulence.
[13] In contrast to the wind-based models generally used to compute gas flux, this study provides separate regressions for k 600 against wind for daytime when the water column heats and from late afternoon through early morning or on cloudy days when cooling occurs. Thereby flux estimates can be considerably improved. Equations such as these, which are based on variables that can be readily measured or modeled over large spatial scales, enable improved regional carbon budgets. The modeling will be improved further by consideration of co-occurring processes. Concentrations of greenhouse gases vary in surface waters due to biological activity and with the entrainment which accompanies nocturnal cooling, fall cooling, and storms [Laurion et al., 2010; Aberg et al., 2010] . The combination of increased greenhouse gases in surface waters during these events and higher gas transfer coefficients means that gas fluxes will vary non-linearly over diel cycles with further enhancement during storms. Thus, regional and global fluxes of greenhouse gases from lakes may be considerably larger than current estimates.
